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Introduction
Fast-ion conducting Li 7 1, 3 The Al 3+ dopant ions reside at the Li + sites thereby creating vacancies and stabilizing the fast-ion conducting cubic phase. 4, 5 The unreliability of this synthesis due to uncontrollable reactions with the crucible, in conjunction with possible blocking of the Li + pathways by the Al 3+ dopant ions, 6 has directed interest toward aliovalent doping at the Zr site in order to create equivalent Li + vacancies. Ta-Doped phases (Li 7 12 phases are difficult to sinter and possess relatively low Li + conductivity. 8 On the other hand, Zr-rich phases, similar to Li 7 La 3 Zr 2 O 12 , have shown an undesirable tendency to react with the alumina crucibles at elevated temperatures which greatly affects the reliability and reproducibility of the synthesis process.
8-11
Zr-Rich phases such as Li 7−x La 3 Zr 2−x Ta x O 12 (where x ranges from 0.25 to 0.6) have shown total conductivities ranging between 2 × 10 −6 and 9 × 10 −4 Sc m −1 depending on whether the sintering process is performed in the absence or the presence of alumina, respectively. [8] [9] [10] [11] The ionic conductivity is also strongly dependent on the densification procedure (e.g. hot-pressing) [12] [13] [14] [15] and sintering temperature and time. Al 3+ incorporation in this system, however, has not been fully characterized yet and the role of Al as a dopant and/or as a sintering aid is still ambiguous. Alternative approaches to densifying and enhancing the ionic conductivity of these materials are therefore required. In this study, we have developed a new sol-gel approach to synthesize these important phases and consider for the first time the improvement of the Li + conductivity by Ca-incorporation. The materials are synthesized at calcination temperatures as low as 900°C and demonstrate a significant improvement of the Li + conductivity by Ca-incorporation of up to 0.2 mole. The synthesis and characterization of pure 
Results and discussion
The materials are prepared using the sol-gel procedure described in Fig. 1 (see ESI † for experimental details).
Li 7−x La 3 Zr 2−x Ta x O 12 phases are typically prepared via solidstate reactions employing several homogenization (e.g. ball milling) and calcination steps at temperatures up to 1140°C. [8] [9] [10] [11] The previously reported solution-based syntheses either employ a coprecipitation procedure in which Ta-containing alcohol solutions and Li/La/Zr-containing aqueous solutions are mixed, [12] [13] [14] or, in one report, 16 the use of a sol-gel procedure followed by ball milling steps and high temperature calcination in order to obtain sufficiently pure phases. In our synthesis, Ta 5+ is instead stabilized in aqueous ammonia solution by the addition of excess H 2 O 2 , whereupon an ammonium tantalum-peroxo-complex is formed. 17, 18 This procedure, which is highly reproducible, ensures there is a homogeneous mixing of the reactants. Therefore, a 2 h calcination of the solid precursor at 900°C was sufficient to produce high purity phases and there is no requirement for prolonged heating at elevated temperatures or any ball-milling. Fig. 2 shows the X-ray diffraction (XRD) patterns of pure and Ca-containing (0.2 mole pfu) Li 6.4 La 3 Zr 1.4 Ta 0.6 O 12 . The patterns indicate that the synthesized materials are predominantly single-phase. Induced coupled plasma-mass spectroscopy (ICP-MS) indicates that the La : Ca molar ratio in the Ca-doped material is 2.9 : 0.185(1), which is in agreement with the reaction stoichiometry (2.9 : 0.2) and the results of energydispersive X-ray spectroscopy (EDX) analysis. EDX elemental maps reveal a homogeneous distribution of Ca in the material (Fig. S1 †) , which suggests that Ca is incorporated in the garnet phase.
In an attempt to locate Ca in the garnet structure, neutron diffraction data were collected from the material at room temperature and the structure was refined simultaneously against X-ray and neutron diffraction data. Neutron diffraction data were collected using the Polaris instrument at Rutherford Appleton Laboratories (UK), and a Rietveld structure refinement was performed using the GSAS suite of programs. The refinement revealed the absence of any Ca-containing secondary phases. A small amount of lithium carbonate was detected as a secondary phase, and was introduced in the structure refinement. The presence of this impurity is consistent with the use of an excess of lithium in the synthesis process, and the exposure of the material to atmospheric air. 19 The structure refinement was performed with the garnet framework atoms La, Zr/Ta, and O located at the 24c sites, 16a sites, and 96h sites, respectively. Lithium is allowed to distribute over the tetrahedrally coordinated 24d sites, and the 48g and 96h sites that both exist inside heavily distorted oxide octhedra. 10 The refinement was initiated by allowing Ca 2+ to replace La 3+ at the 24c sites as anticipated from ionic radii considerations. 20, 21 By introducing vacancies at the 24c sites, refining the Ca content in these sites, and allowing Li occupancies across the 24c, 16a, and 96h sites to refine freely, our refinement revealed the incorporation of 0.22(2) mole Ca pfu in the material, which agrees with the value suggested by ICP-MS analysis (∼0.19 mole pfu). Based on the results of this refinement we assign a composition of Li 6.3 La 2.9 Ca 0.2 Zr 1.4 Ta 0.6 O 12 to this garnet phase, in good agreement with the stoichiometry of the reagents. The fitted NPD and XRD patterns are shown in Fig. 3 and Fig. S2 , † respectively, and the structural parameters used in the refinement are summarized in 25 Due to the complex disordered arrangement of multiple cations and vacancies it is not possible to unambiguously rule this out even using complementary information provided by a combined analysis of X-ray and neutron data. Considering the bond valence sums for Ca 2+ on these two sites 12 were studied by impedance spectroscopy in order to investigate the influence of Ca-incorporation on the Li + conductivity. Impedance spectra were recorded from cold-and hot-pressed samples (at 1000°C) in the temperature range of 25 to 130°C using gold blocking electrodes. Fig. S3 † shows the scanning electron microscopy (SEM) images of the surface of different pellets used in the impedance study. Pellets formed by cold pressing clearly show poorer sintering behavior compared with hot-pressed pellets. The hot-pressed pure and Ca-doped samples showed relative densities of ∼88% and ∼89% respectively, indicating approximately similar sinterability. This excludes the effect of sinterability on the relative ionic conductivities of the two materials and allows the study of the influence of Ca-inclusion on the ionic conductivity in this system. It should be noted that optimizing the hot pressing procedure to obtain higher relative densities, and consequently higher ionic conductivities, is not considered in this study. XRD patterns of the hot-pressed samples indicate that the samples retain the garnet structure with high crystallinity (Fig. S4 †) . Fig. S4 † shows the emergence of a small impurity peak in the diffraction pattern, which we have assigned as Li 4 Zr 3 O 8 and arises as a result of the heating process. There is a negligible amount of this phase present and therefore will not affect the subsequent impedance analysis. Fig. 4 displays typical Nyquist impedance plots of different samples at room temperature. In Fig. 4a , the plots collected from the cold-pressed samples are formed of two unresolved semicircles and a linear low-frequency tail. The two semicircles become clearly resolvable after hot pressing (Fig. 4b) . The impedance data were successfully fitted using conventional equivalent circuits that employ a constant phase element in parallel to a resistance element to represent a semicircle ([RQ]), and a constant phase element to represent the low frequency response ([Q]) (Fig. 4) . In hot-pressed samples, the high-frequency and the intermediate-frequency semicircles clearly correspond to bulk and grain-boundary resistances, respectively. The observation of the low-frequency tails in all samples is associated with the use of gold blocking electrodes and suggests that the transport effect is mainly ionic. The plots in Fig. 4 suggest that the total conductivity of 14 but the samples in this case were hot-pressed at 1050°C and had relative densities greater than 97%. The Ca-doped material displays comparable transport properties to the previously reported Al-containing phases having similar composition and sinterability. 9, 11, 15, 16 The Al-containing phases, however, are prepared through multistep, unreliable reactions with the alumina crucible at temperatures of up to 1140°C. Calcium containing garnets have been reported at lower sintering temperatures of 790°C, through the use of Al 2 O 3 and Li 3 BO 3 additives. 24 The Ca-doped material presented here, on the other hand, is synthesized at a relatively low calcination temperature (900-1000°C) through a 2-3 h calcination step without the need for additives, which enhances the reliability of the synthesis process.
Impedance spectra of pure Li 6. 2+ can be illustrated by comparing the ionic radii for these two cations in octahedral coordination; r Zr is 0.72 Å whilst r Ca is 1.00 Å. 26 Any incorporation of Ca 2+ into these octahedra will introduce enormous compressive strain on the metal oxide bonds.
Conclusions
Ca-Incorporation is therefore demonstrated to be a promising approach to enhance the ionic conductivity of the functional Zr-rich Li 7−x La 3 Zr 2−x Ta x O 12 phases. By using a new, tailored sol-gel synthesis, it is possible to prepare fast Li-conducting garnets at significantly milder reaction conditions and so avoid the reproducibility problems often associated with previously reported syntheses. Our study on Li 6 
